The aim of the study was to investigate the influence of a preceding flexion or extension movement on the static interaction of human finger flexor tendons and pulleys concerning flexion torque being generated. Six human fresh frozen cadaver long fingers were mounted in an isokinetic movement device for the proximal interphalangeal (PIP) joint. During flexion and extension movement both flexor tendons were equally loaded with 40N while the generated moment was depicted simultaneously at the fingertip. The movement was stopped at various positions of the proximal interphalangeal joint to record dynamic and static torque. The static torque was always greater after a preceding extension movement compared to a preceding flexion movement in the corresponding same position of the joint. This applied for the whole arc of movement of 0-105 degrees . The difference between static extension and flexion torque was maximal 11% in average at about 83 degrees of flexion. Static torque was always smaller than dynamic torque during extension movement and always greater than dynamic torque during flexion movement. The kind of preceding movement therefore showed an influence to the torque being generated in the proximal interphalangeal joint. The effect could be simulated on a mechanical finger device. 
Introduction
Friction between flexor tendons and pulleys has been investigated already in vitro on human and animal cadaver studies Uchiyama et al., 1995) and was suggested to be of functional value in a sense that it serves as a support of the finger muscles during eccentric load of the finger joints (Schweizer et al., 2003; Walbeehm and McGrouther, 1995) to either improve finger flexion strength or decrease energy consumption. A highly specialised mechanism with high friction between tendons and pulleys has been described in bats (Schaffer, 1905) which allows them to dangle on their fingers without muscular action. As the inner surface of the human pulleys and tendons show similar cross running ridges as in bats an analogous mechanism in the human tendon pulley interaction was postulated (Walbeehm and McGrouther, 1995) . Besides that the flexor tendons themselves are known to be able to store elastic energy (Alexander, 1984; and to serve as a natural spring which was observed in horses, deers and donkeys (Alexander, 1984; Bennett et al., 1986; Riemersa and Schamhardt, 1985) as well as in humans (Maganaris and Paul, 2002) .
During recent in vitro investigations (Moor et al., 2008) to quantify friction between human flexor tendons and pulleys we observed that the static flexion torque in the proximal interphalangeal (PIP) joint was considerably greater after a preceding extension compared to a preceding flexion movement (similar to a eccentric and concentric and movement in vivo). To further investigate and to quantify this observation the present study intended to quantify the influence of different preceding movements on the static flexion torque in the PIP joint. The most obvious explanation of the difference of the torque is the interaction between the flexor tendon sheath and the tendon itself as pure static friction between.
Theoretically it is possible that the force of friction being generated during gliding of the tendon through the pulley may have an influence on the tension of the tendon between the pulley and the insertion of the tendon at the distal phalanx. The elastic energy being stored in the flexor tendons (Alexander, 1984; Bennett et al., 1986) would therefore be greater after an extension movement where the friction force is added to the external force applied to the finger compared to a flexion movement where friction is subtracted from the external force (Schweizer et al., 2003; Moor et al., 2008) . If the static friction is smaller than dynamic friction, the energy being stored during an extension movement could flow back and increase flexion torque in static situation. To evaluate such an effect on the torque, the PIP flexion movement was simulated with a mechanical apparatus.
Material and methods
The quantification of forces during static post-extension and post-flexion situations over the PIP joint can be performed with a vector diagram (Fig. 1 followed. F E ex is the force measured at the tip of the finger in extension movement and F E flex during concentric movement. r1 is distance between the centre of rotation and the contact area of the transducer at the tip of the finger. r2 is the distance of the centre of rotation of the PIP joint and the contact area of the flexor tendons and the A2 pulley. In this setting r1 was determined as the distance between the centre of rotation of the device and the position of the force transducer. r2 was determined by the data according to Brand et al. (1999) . F R is the force of friction between the pulley and the flexor tendon and F sM is the force acting at the flexor tendons (40 N). Extension situation:
Concentric situation:
In the case that the torque difference between post-extension and post-flexion torque is purely due to friction, it may be quantified by Eqs. (1) and (2): Extension situation:
In a post-flexion or post-extension static situation the tendon between the pulley and the tendon insertion at the distal phalanx may be regarded as a spring:
where k is the spring constant and d is the spring excursion. d is known to be approximately 3% of the tendon length in humans (Bennett et al., 1986; Ker et al., 1986; Maganaris and Paul, 2002) . In the present investigation tendon length is the distance between the insertion of the flexor tendons and the A2 pulley and is assumed to be 45 mm. The possible work of the tendon pulley interaction in the sense of a spring therefore could be estimated as follows:
where W T is the elastic energy of the tendon, t1 the length of the unloaded tendon and t2 the length of the loaded tendon.
Cadaver specimens
Six long fingers were obtained from fresh-frozen cadaver hands by transmetacarpal ray resection. The entire finger was left untouched to preserve the physiological milieu surrounding the flexor tendons and flexor sheath. The tendons were cut distal to the musculotendinous junction of the flexor digitorum superficialis (FDS) and profundus (FDP) muscle. Each tendon was armed separately with a filament (Ethibond Excel 2) using a Krakow suture technique. Two 2.7 mm Schanz screws were inserted dorsally into the proximal phalanx.
Isokinetic movement device (Fig. 2)
A previously described isokinetic movement device (Moor et al., 2008) was used. The specimens were anchored at the proximal phalanx through the external fixator system to the device which simulated the PIP joint flexion movement. It was powered by an electric engine (Zuerrer TFVB9-55/2) with a torque of 30 Nm. The centre of rotation of PIP joint was set in accordance with the axle of the device as identical as possible. A piezoelectric force transducer (Kistler 9301A-SN488642) was positioned at the pulp of the finger in the middle between the distal finger flexion crease and the tip of the finger. The signal was reinforced by a charge amplifier (Kistler Type 5011) and stored by a storage oscilloscope (Voltcraft DSO 2100). The movement in the PIP joint ranged from 101 to 1051 flexion. The position was recorded with an electronic torsion angle measurement device. To simulate active muscular force both flexor tendons (FDP/FDS) were loaded. This resulted in a PIP joint flexion working against the external force generated from the isokinetic movement device. Because of the difference of excursion of the two tendons both were connected by a pulley which itself was loaded with 40 N (tendon load 1:1). The extension torque to the distal interphalangeal (DIP) joint was always smaller than flexion. The DIP joint therefore remained always in extension and no movement between FDP tendon and the A4 pulley was to consider. During extension, the friction force (F R ex ) acts in the same direction as the simulated muscular force F sM , while during concentric flexion friction force (F R flex ) acts in a direction opposite to the simulated muscular force (F sM ). (1) is mounted. A piezoelectric force transducer (3) connected to an oscilloscope and a PC was interposed between the small ledge at the finger tip and the PIP joint motion device (2). The latter is connected through a steel cable to the drive (6) allowing an approximately sinusoidal reciprocating motion.
Measurements
1. Non-interrupted cycle of an extension and flexion movement in the PIP joint.
The position of maximum torque generated during flexion at the fingertip was evaluated and marked. 2. Initial flexion movement from an extended PIP joint with a stop of the device at the previous marked position during 30 s. 3. Without releasing resistance and changing positions the analogous procedure (extension movement) was performed from a flexed position of the PIP joint. 4. Quantification of the hypothesized effect over the whole range of motion of the PIP joint (10-1051). Flexion movement was started from an extended position of the PIP joint (101 flexion). After approximately every 101 of flexion movement the device was stopped for 3 s. The dynamic and the corresponding static torque for different flexion degrees were recorded. The analogous procedure was performed for the PIP joint during an extension movement. The post-extension and post-flexion static torque of the corresponding position of the PIP joint could be faced one another. 5. Evaluation of a probable creep effect and loss of force difference between postflexion and post-extension static measurements during 6 min were performed according to steps two and three.
Statistical analysis (student's t test) was performed with SPSS (Version 11.5 for Windows).
Simulation of PIP flexion movement
A device was constructed to simulate the flexion movement in PIP joint. The device (Fig. 3) consisted of a hinge like apparatus. A fabric band, where the inner surface was coated with fine sand paper was mounted to the fixed blade of the hinge simulating the pulley. The tendon was imitated by a 5 mm nylon rope where a spring was inserted between the pulley and the fixation at the movable blade.
The spring was aimed at simulating the elastic component of the flexor tendon. The nylon rope was loaded with 10 N and the generated torque by an electric drive was measured at the movable blade. Measurements were performed as mentioned above once with and once without the intercalated spring to estimate its probable effect on force transmission (Table 1) .
Anatomic in vitro experiment
The maximum post-flexion static torque was 0.587 Nm (SD 0.163) and the maximum post-extension static torque was 0.658 Nm (SD 0.173). The maximum post-extension static torque was therefore 11% (SD 2.2) greater than the postflexion static torque. In the static situation the flexion force acting at the A2 pulleyflexor tendon interface was 9.52 N (SD 2.26) greater during the post-eccentric static torque compared to the post-concentric static torque. The post-eccentric static torque was greater than the post-concentric static torque over the whole range of motion with a peak at 831 of flexion of the PIP joint (Fig. 4) .
There was a decrease of the difference between post-extension static torque compared to the post-flexion static torque (Fig. 5 ) during the initial 6 min of 19% (SD 2.2).
The maximum dynamic extension torque was always greater than the postextension static torque, however the dynamic flexion torque was always smaller than the post-flexion static torque (Fig. 4) . At each step of the single measurements at the transition from the dynamic flexion to the static flexion situation, there was a small sudden increase of torque of up to 5% which disappeared as soon as the device started again. Vice versa there was a decrease of torque during the transition zone between the dynamic extension and the static extension situation (Fig. 6 ).
The measurements with the device simulating PIP flexion showed a similar behaviour as in the anatomic in vitro measurements (Fig. 7) . As soon as the device stopped, there was a small sudden increase of flexion torque during the flexion movement and a decrease during extension movement. The amount of increase/ decrease depended on the angle of tendon-pulley interaction and tension of the rubber band. The effect of the spring however did not have an influence on the post-extension to post-flexion force or torque difference. If the spring was applied, the small sudden increase of torque during flexion or decrease during extension movement disappeared.
Discussion
Friction between pulleys and flexor tendons in a dynamic situation has been differently investigated to assess friction of different suture techniques and tendon grafts Nishida et al., 1998; Peterson et al., 1986; Uchiyama et al., 1995; Williams and Amis, 1995; Woo et al., 1981) . Various indirect measurement techniques, models (Fowler and Nicol, 2000) and measurements in animals have been described (Lane et al., 1976) . Uchiyama et al. (1995) and An et al. (1993) developed a method to measure friction in vitro only between the human A2 pulley and the flexor tendon. Goldstein et al. (1987) showed that static strain differences of flexor tendons over the wrist increased during flexion and extension of 651 compared to the neutral position. This indicates that friction is apparent during tendon and tendon sheath interaction. In a previous in vivo study (Schweizer et al., 2003) friction was tried to be calculated indirectly and to be responsible for 9.1% of the maximum possible eccentric flexion Fig. 3 . Device simulating the PIP flexion consisting of a hinge (1). A nylon rope is simulating the tendon where a 10 N weight (2) was attached and a spring intercalated. The pulley (3) is imitated by a fabric coated with fine sand paper. The Kistler transducer (4) was mounted at the tip of the ''finger'' where the external force was applied.
Table 1
Results of the measurements on the 6 cadaver finger, depicted in standard deviation (SD) and mean. force in the PIP joint. The above named studies all evaluated friction during a dynamic situation but no study investigated the static interaction of flexor tendons and pulleys. Although the description of the tendon locking mechanism is more than 100 years old (Schaffer, 1905) , it was merely descriptive and lacks quantification.
In this study we observed that in a static situation the generated flexion torque in the PIP joint was 11% greater if there was a preceding extension movement compared to a preceding flexion movement in that joint. An explanation for this may be the presence of friction between the A2 pulley and the flexor tendons. The post-extension to flexion difference although was much smaller as measured during the dynamic situation (22%). This becomes visible through a small but distinct increase of flexion torque at the transition from the dynamic to the static flexion situation as soon as the device stops. An explanation for that rise of torque, as hypothesized in the introduction, might also be due to the kinetic energy being stored in the elastic flexor tendons which is released in the static situation and may act as an accessory flexion force. However such an elastic effect could not be shown with a mechanical device simulating the PIP flexion-extension movement. There was even less distinct increase of torque from the dynamic to the static flexion movement with the intercalated spring (Fig. 7) . The spring seamed to even out the different forces acting in the dynamic and static situations. Accordingly in the cadaver finger the difference of the torques between dynamic and static phases is likely to origin from pure friction. Static friction in this situation seems to be considerably smaller than dynamic friction. The interpretation of the function of friction may be that during an extension movement, friction acts as an augmentation of the holding force or as an energy economising mechanism during an eccentric or a near eccentric load to the fingers. The small decrease of the post-extension static and the increase of the post-flexion static torque (Fig. 5 ) during long term measurements over several minutes may be due to the viscoelastic properties and stress relaxation of the flexor tendons.
Bats display a so called tendon locking mechanism. Schaffer (1905) was the first to describe a ''Sperr-Hemmvorrichtung'' in bats where the flexor tendon interacts and locks with the fibrous tendon sheath. Schutt (1993) investigated the mechanism more precisely in bats and Quinn and Baumel (1993) finally called it TLM (tendon locking mechanism) and compared it in different bat (Fig. 6) . The dotted line depicts the torque during the dynamic and the continuous line during the static phase. Maximum flexion torque is generated at about 831 flexion of the PIP joint. species (chiropterans). The TLM in bats consists of tubercles on the volar side of the conjoint tendon and of transverse plicae at the inner surface of the pulley. As the flexor muscle is activated it pulls the conjoint tendon away from the bone (bowstringing) and interlocks the plicae against the tubercles. The friction between tendon and pulley is so high that flexor muscles may completely relax. According to the findings in this study, a similar but far less distinct mechanism is present in the human pulley-flexor tendon interaction. Walbeehm and McGrouther (1995) compared the TLM with the anatomy and function of the human flexor tendon sheath and described a tendon compressing mechanism (TCM) where the FDP tendon is compressed circularly by the chiasma of the FDS tendon and the A2 pulley. Electron-microscopically they showed transverse ridges on the inner surface of the A2 pulley and on the palmar surface of the FDP tendon which favours an interdigitation of the tendons and pulleys. In a static or eccentric situation there was a change of the directional angle of the fibres which favour friction which is supported by the results in this study. The chiasma of the FDS tendon was described also (Shrewsbury and Kuczynski, 1974; Walbeehm and McGrouther, 1995) to increase friction and to partially lock the FDP tendon by acting like a Chinese finger trap. They hypothesised that friction may be an important normal functional mechanism of the flexor tendon sheath during power grip. Besides the presence of friction between tendons and pulleys (Moor et al., 2008; Schweizer et al., 2003; Uchiyama et al., 1995) which may increase holding force or decrease energy consumption, a pre-static extension movement may increase interdigitation between flexor tendons and pulleys to display a similar action as the TLM in humans. The mechanism may be useful in many static daily activities where the fingers are flexed like wearing a case. Particularly in high load situations friction may increase the maximum holding force of the finger flexors. As an example the so called crimp grip position in rock climbers where the PIP joint is flexed 901 or more and the DIP joint is hyperextended results in a distinct bowstringing of the flexor tendons (Schweizer, 2001 ) with a potential high friction between them an d the flexor tendon sheath (A2-A4 pulley). Crimp grip may increase the holding force according to the TLM but on the other hand increases the susceptibility to pulley injuries (Bollen, 1990; Tropet et al., 1990) . According to the present results a short initial eccentric movement of the PIP joints rather than a concentric one before getting the hold increases the maximum strength of the holding force considerably and may be advised as technical improvement to rock climbers. The PIP joint then is best positioned in 80-851 of flexion where the TLM analogue is most distinct.
Several limitations in this investigation have to be mentioned. The calculation of friction was performed in the assumption that friction between the PIP joint surfaces, the soft tissue and the skin may be neglected. Although the deflection of the load to the flexor tendons (40 N) was performed over a pulley mounted on precision ball bearings, friction may not be excluded completely. The centre of rotation of the PIP joint was determined observing the arc of motion of the finger by moving the PIP joint and may not have been as exactly as in radiographic determination. Calculation of the moment arms of the flexor tendons through the PIP joint was performed with the data of Brand (Brand et al., 1999) and did not respect the individual size of the finger specimens and increase of moment arm during flexion.
